###### Strengths and limitations of this study

-   This is the first study on the injury of the mammillothalamic tract (MTT) in patients with subarachnoid haemorrhage (SAH) using diffusion tensor imaging.

-   The main strength of our study is to find the relation between MTT injury and cognitive function with SAH.

-   The limitation to our study is that fibre tracking of the MTT might be affected by an artefact, such as an aneurysmal clip. Therefore, the conduct of further studies to overcome this limitation would be necessary.

Introduction {#s1}
============

The mammillothalamic tract (MTT) connects the mammillary body and the anterior thalamus as a part of the Papez circuit.[@R1] Owing to the anatomical characteristics of the MTT, thin, short and located deep within the brain, accurate estimation of the MTT has been difficult in the live human brain. However, diffusion tensor tractography (DTT), which is derived from diffusion tensor imaging (DTI), allows for reconstruction of the MTT in the human brain.[@R2] Therefore, accurate estimation of the MTT in terms of DTI parameters and three-dimensional configuration is now possible.[@R2] A few studies have reported on injury of the MTT in thalamic haemorrhage and thalamic infarct; however, so far, little is known about injury of the MTT.[@R3] [@R4]

Subarachnoid haemorrhage (SAH) is extravasation of blood into the subarachnoid space accompanied by various neurological sequelae in terms of memory, executive function, language, motor function and cranial nerve function.[@R5] In particular, memory deficit is known to be one of the most common sequelae of SAH.[@R7] [@R8] [@R10] [@R11] [@R14] In the past, previous studies have suggested that the neurotoxic effects of blood, vasospasm or increased intracranial pressure are pathogenic mechanisms of neural sequelae following SAH.[@R5]^--^[@R7] [@R17] After introduction of DTI, among the neural tracts associated with memory, injuries in the fornix and cingulum were reported in patients with SAH.[@R24] However, no study on neural injury of the MTT in patients with SAH has been reported. In this study, we hypothesised that the MTT would be injured due to SAH.

In this study, using DTT, we attempted to investigate injury of the MTT in patients with SAH.

Methods {#s2}
=======

Participants {#s2a}
------------

Among 55 patients, 39 were excluded due to the hydrocephalus (8 patients), intracerebral haemorrhage (14 patients) or intraventricular haemorrhage (17 patients). The remaining 16 patients (male: 9, female: 7, mean age: 51.6±13.3 years, range: 34∼70 years) and 15 normal healthy control participants (male: 7, female: 8, mean age: 48.1±15.1 years, range: 20∼67 years) with no previous history of neurological, physical or psychiatric illness were recruited for this study. Inclusion criteria for patients were as follows: (1) first ever stroke, (2) age 30∼70 years, (3) haemorrhage in the subarachnoid space due to aneurysmal rupture confirmed by a neuroradiologist, (4) DTI was scanned at a chronic stage after onset and (5) no hydrocephalus, intracerebral haemorrhage or intraventricular haemorrhage was found. Severity of SAH was assessed according to the modified Fisher CT grade, World Federation of Neurosurgical Societies (WFNS) and Hijdra score.[@R25] In patients who showed any lesion or artefact due to the clipping or coiling along or around the MTT, the pathway between the mammillary body and thalamus was excluded. This study was conducted retrospectively and the study protocol was approved by the Institutional Review Board of a university hospital ([figure 1](#BMJOPEN2014005613F1){ref-type="fig"}).

![Diffusion tensor tractography for the mammillothalamic tract (MTT). Brain CT shows a subarachnoid haemorrhage and MTTs in both hemispheres of a patient (34-year-old man) are reconstructed between the mammillary body and the anterior thalamus. However, the right MTT (red) of the patient is thinned, compared with the left MTT (green) of the patients and normal control participants.](bmjopen2014005613f01){#BMJOPEN2014005613F1}

Clinical evaluation {#s2b}
-------------------

Cognitive function was evaluated at the time of DTI scanning. The Mini-Mental State Examination (MMSE) was used for assessment of cognitive impairment. The reliability and validity of the MMSE have been well established.[@R28]

Diffusion tensor tractography {#s2c}
-----------------------------

A 6-channel head coil on a 1.5 T Philips Gyroscan Intera (Philips Ltd, Best, the Netherlands) with single-shot echo-planar imaging was used for acquisition of DTI data. For each of the 32 non-collinear diffusion sensitising gradients, we acquired 67 contiguous slices parallel to the anterior commissure-posterior commissure line. Imaging parameters were as follows: acquisition matrix=96×96; reconstructed to matrix=128×128; field of view=221×221 mm^2^; TR=10 726 ms; TE=76 ms; parallel imaging reduction factor (SENSE factor)=2; EPI factor=49; b=1000 s/mm^2^; NEX=1; and a slice thickness of 2.3 mm (acquired voxel size 1.73×1.73×2.3 mm^3^). Affine multiscale two-dimensional registration using the Oxford Centre for Functional MRI of Brain (FMRIB) Software Library (FSL; <http://www.fmrib.ox.ac.uk/fsl>) was used for removal of eddy current-induced image distortions.[@R29] Fibre tracking was performed using a probabilistic tractography method based on a multifibre model, and applied in this study utilising tractography routines implemented in FMRIB Diffusion (5000 streamline samples, 0.5 mm step lengths, curvature thresholds=0.2).[@R29] MTTs were determined by selection of fibres passing through three regions of interest (ROIs). Seed ROIs were placed on the mammillary body on the axial image.[@R2] Two target ROIs were drawn at the portion of the MTT area (between the portion of the fornix and the red nucleus in the anteroposterior direction) at about the bicommissural level and the portion of the anterior thalamus on the axial image.[@R2] Of 5000 samples generated from each seed voxel, results for each contact were the visualised threshold point at five streamline through each voxel for analysis. Values of fractional anisotropy (FA) and tract volume, which was determined by counting the voxels of MTT, were measured using MATLAB (Matlab R2007b, The Mathworks, Natick, Massachusetts, USA). Values of FA and tract volume showing a decrement of more than two SDs that of normal control were defined as abnormal.

Statistical analysis {#s2d}
--------------------

We used SPSS software (V.15.0; SPSS, Chicago, Illinois, USA) for data analysis. Demographic data in duration from onset and age were tested for normality. Data on MTTs that were not reconstructed were excluded from the statistical analysis. An independent t test was used for determination of variances in the value of FA and tract volume between the patient and control groups. Subsequently, using Pearson correlation, DTT parameters for FA and tract volume of the patient group were used in the determination of correlation with MMSE.[@R32] The significant level of the p value was set at 0.05.

Results {#s3}
=======

A summary of the demographic data for the patient and control groups is shown in [table 1](#BMJOPEN2014005613TB1){ref-type="table"}. The artery distribution of aneurysmal rupture for SAH in 16 patients was as follows: the anterior communicating artery: 11 patients (68.8%), the middle cerebral artery: three patients (18.8%), the posterior communicating artery: one patient (6.2%) and the anterior cerebral artery: one patient (6.2%). In addition, 12 patients (75%) underwent aneurysmal clipping and two patients underwent endovascular coiling (12.5%). The two remaining patients (12.5%) received conservative treatment. The average MMSE was 19.8±8.8. The average modified Fisher CT grade, WFNS and Hijdra score were 2.5±0.9, 2.1±1.3 and 15.7±6.3, respectively.[@R25] DTI scanning was performed at 5.7±1.5 weeks (range: 4∼8 weeks) after SAH onset. Demographic data of the patient (duration from onset and age) and control (age) groups met the normality (p\>0.05) assumption.

###### 

Demographic data for the patient and control groups

                                          Patient group (n=16)   Control group (n=15)
  --------------------------------------- ---------------------- ----------------------
  Age (year)                              51.6±13.3              48.1±15.1
  Sex, male/female                        9/7                    7/8
  Duration from onset (weeks)             5.7±1.5                
  Modified Fisher grade                   2.5±0.9                
  WFNS                                    2.1±1.3                
  Hijdra score                            15.7±6.3               
  Ruptured artery (ACoA:ACA:MCA:PCA)      11:1:3:1               
  Operation type (clipping:coiling:non)   12:2:2                 
  MMSE                                    19.8±8.8               

ACA, anterior cerebral artery; ACoA, anterior communicating; MCA, middle cerebral artery; MMSE, Mini-Mental State Examination; PCA, posterior communicating artery; WFNS, World Federation of Neurosurgical Societies.

A summary of the results of DTT parameters for MTT in the patient and control groups is shown in [table 2](#BMJOPEN2014005613TB2){ref-type="table"}. Values for FA and tract volume were significantly lower in the patient group than in the control group (p\<0.05). The tract volume of the MTT showed a strong (r=0.67, p=0.005) positive correlation with MMSE; however, no correlation was observed between the FA value of MTT and MMSE (r=0.41, p=0.11).[@R32]

###### 

Results of diffusion tensor tractography parameters of the mammillothalamic tract in the patient and control groups

                  Hemisphere          FA                     p Value               Tract volume           p Value
  --------------- ------------------- ---------------------- --------------------- ---------------------- ---------
  Patient group   Right               0.36 (0.04, 0.36)      0.015\*               69.08 (30.33, 72.00)   0.000\*
  Left            0.35 (0.04, 0.36)   78.86 (28.80, 80.50)                                                
  Both            0.36 (0.04, 0.36)   74.15 (23.39, 74.00)                                                
  Control group   Right               0.38 (0.04, 0.38)      96.80 (22.7, 96.00)                          
  Left            0.37 (0.03, 0.38)   99.73 (23.8, 103.00)                                                
  Both            0.38 (0.03, 0.38)   98.27 (22.9, 98.50)                                                 

Values represent mean (±SD, median value).

\*p\<0.05.

FA, fractional anisotropy; p, an independent t test for determination of variances in FA and tract volume between the patient and control groups.

[Figure 2](#BMJOPEN2014005613F2){ref-type="fig"} shows the results for incidence of injury of the MTT with DTT parameters. Among 32 hemispheres of 16 patients, the MTT was not reconstructed in five hemispheres of four patients (right hemisphere: two, left hemisphere: one, both hemispheres: one); in contrast, MTTs were reconstructed in all 30 hemispheres of 15 control participants. With regard to the FA and tract volume, nine MTTs in six patients (right hemisphere: one, left hemisphere: two, both hemispheres: three) and 13 MTTs in nine patients (right hemisphere: four, left hemisphere: one, both hemispheres: four) of 32 hemispheres in 16 patients revealed a decrement of more than two SDs, compared with control participants. Six MTTs in five patients (right hemisphere: three, left hemisphere: one, both hemispheres: one) showed a decrement of more than two SDs in FA and tract volume. As a result, 16 MTTs (right hemisphere: two, left hemisphere: two, both hemispheres: six) of 32 MTTs in 16 patients showed abnormalities of the MTT. Three patients in one hemisphere and one patient in both hemispheres whose MTT was not reconstructed belonged to these 16 patients. Consequently, in the individual analysis, the prevalence of MTT abnormality was 62.5% (10 of 16 patients).

![The incidence of injury of the mammillothalamic tract. FA, fractional anisotropy; MTT, mammillothalamic tract; TV, tract volume).](bmjopen2014005613f02){#BMJOPEN2014005613F2}

Discussion {#s4}
==========

In this study, we investigated injury of the MTT in patients with SAH using DTT. We obtained the following results: (1) the FA value and tract volume in the patient group were significantly lower than those of the control group, (2) MMSE showed a strong (r=0.67, p=0.005) positive correlation with tract volume without correlation with FA value, (3) in the individual analysis, 16 MTTs of 32 MTTs in 16 patients showed abnormalities of the MTT in terms of the FA value, tract volume or the presence of a reconstructed MTT. As a result, 10 (62.5%) of 16 patients showed abnormality of the MTT in at least one hemisphere. The FA value indicates the degree of directionality of water diffusion and has a range of zero (completely isotropic diffusion) to one (completely anisotropic diffusion). It represents the white matter organisation: in detail, the degree of directionality and integrity of white matter microstructures such as axons, myelin and microtubules.[@R33] In contrast, tract volume, the number of voxels in a neural tract, reflects the neural fibres contained within a neural tract.[@R34] Therefore, a decrease in the FA or tract volume indicates an injury of the neural tract. Consequently, our results showing that the FA value and tract volume in the patient group were significantly lower than those of the control group indicate an injury of the MTT in the patient group. Regarding the relation between MTT injury and cognition, MMSE showed a strong positive correlation with the tract volume of the MTT without correlation with FA.[@R32] These results appear to indicate that the tract volume is more sensitive than the FA value for detection of injury of the MTT. The MMSE is the most widely used tool for screening cognitive dysfunction.[@R35] Since this study was conducted retrospectively, we could not employ detailed neuropsychological testing for evaluation of the function of the MTT. Therefore, the conduct of further prospective studies, including specific neurophysiological tests for MTT function, should be encouraged.

The pathogenic mechanism of neural injury following SAH has not been elucidated and few DTI studies have reported on this mechanism.[@R15] [@R36] In 2007, Liu *et al*[@R36] demonstrated that SAH caused global mild vasogenic oedema in white matter and deep grey matter by measuring the apparent diffusion coefficient value in the subacute stage of SAH, which was undetectable on T2-weighted and diffusion-weighted MR images. In a recent study, Yeo *et al*[@R15] reported injury of the CST at the midbrain in patients with SAH. This study suggested that the frequent occurrence of SAH in perimesencephalic cisterns could be ascribed to injury of the CST, through mechanical (increased intracranial pressure or direct mass) or chemical mechanisms (a blood clot itself can cause extensive damage).[@R5] [@R23] [@R37] Considering that the MTT is located in close proximity to a cistern, the MTT in patients with SAH appears to be injured by mechanisms similar to those of CST injury at the midbrain.[@R5] [@R15] [@R17] [@R18] [@R23]

As for injury of the MTT, to the best of our knowledge, one study was reported in patients with thalamic haemorrhage.[@R3] Therefore, this is the first DTT study on injury of the MTT in patients with SAH. However, several limitations of DTI should be considered.[@R38] [@R39] First, DTI is a powerful anatomic imaging tool that can demonstrate gross fibre architecture; however, reflection of all fibres, particularly small fibres, can be difficult. Second, fibre tracking of the MTT might be affected by an artefact, such as an aneurysmal clip. Third, we investigated only injury of the MTT following SAH, even though other tracts such as the fornix, cingulum and thalamocortical tract of the Papez circuit might be also injured. Therefore, conduct of further studies to overcome these limitations would be necessary.

In conclusion, we found injury of the MTT in the patient group, compared with the control group. In addition, in the individual analysis, 16 MTTs (50%) of 32 hemispheres showed injury of the MTT and 10 (62.5%) of 16 patients showed injury of the MTT in at least one hemisphere in terms of DTT parameters or the presence of a reconstructed MTT.

Supplementary Material
======================

###### Author\'s manuscript

###### Reviewer comments

**Contributors:** SHJ was involved in the concept and design of the study, funding, data acquisition and in the development and writing of the manuscript. BYC was involved in the acquisition and analysis of data. SHK and CHC were involved in the research design and data acquisition. YJJ was involved in the research design and technical support. HGK was involved in data acquisition and in the development, writing and authorisation of the manuscript.

**Funding:** This research was supported by the Basic Science Research Programme through the National Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and Technology (2012R1A1A4A01001873).

**Competing interests:** None.

**Ethics approval:** This study protocol was approved by the Institutional Review Board of the Yeungnam University Hospital.

**Provenance and peer review:** Not commissioned; externally peer reviewed.

**Data sharing statement:** No additional data are available.
